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Abstract
In this work, the infrared (IR) spectra of living neural cells in suspension, native brain tissue, and native brain tumor tissue
were investigated. Methods were developed to overcome the strong IR signal of liquid water so that the signal from the
cellular biochemicals could be seen. Measurements could be performed during surgeries, within minutes after
resection. Comparison between normal tissue, different cell lineages in suspension, and tumors allowed preliminary
assignments of IR bands to be made. The most dramatic difference between tissues and cells was found to be in weaker IR
absorbances usually assigned to the triple helix of collagens. Triple helix domains are common in larger structural proteins,
and are typically found in the extracellular matrix (ECM) of tissues. An algorithm to correct offsets and calculate the band
heights and positions of these bands was developed, so the variance between identical measurements could be assessed.
The initial results indicate the triple helix signal is surprisingly consistent between different individuals, and is altered in
tumor tissues. Taken together, these preliminary investigations indicate this triple helix signal may be a reliable biomarker
for a tumor-like microenvironment. Thus, this signal has potential to aid in the intra-operational delineation of brain tumor
borders.
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Introduction
Vibrational spectroscopy has a long history in analytical
chemistry, and many studies rely on these spectra for identifying
and analyzing organic molecules [1]. This identification is directly
related to the unique frequencies at which particular bonds within
the compound vibrate. Certain frequency ranges in a vibrational
spectrum may be regarded as unique to specific organic functional
groups [1].
The vibrational spectra of tissues contain information about
many of the chemical bonds that form the tissue [2]. This
information can be used to reliably differentiate normal tissue from
diseased tissue [3]. As this discrimination is based upon the
biochemical bonds that compose the tissue, these methods have a
high potential for providing objective and reliable diagnostic
information in a relatively non-invasive manner [3–6].
IR studies using both traditional transmission optics and
attenuated total reflectance (ATR) optics of human and animal
brain tissue date back to the 1950s and 60s [7,8]. However, most
studies using infrared spectroscopy to investigate tissues are
performed on dried specimens [7,8]. This is due to the fact that
the IR signal of water is very intense, and can overwhelm signal
from the biomolecules [9]. This study endeavored to examine
tissues and cells in their hydrated states, to minimize any
biochemical changes that might occur upon drying.
IR studies of tissues use small but consistent differences in the
absorbance and wavenumber of their spectra to distinguish
between different cell lineages [10–12], or to monitor their
response to drug treatment [13] in a minimally invasive fashion.
Most of these studies allowed the cells to air dry so that the strong
IR signal of water is removed before the measurements. IR
measurements of cells under more native conditions have been
performed as well with powerful synchrotron IR optics [14], while
others use microscopy to produce chemical maps [15].
In this work, we present the infrared spectra of living cells; and
that of native normal and tumor tissues. It was found that using the
instrument’s anvil to enforce contact with the crystal greatly
increased the signal from the biochemicals. A particular spectral
region showed interesting alterations between cell, tissue, and
tumor spectra. This region is thought to mostly contain vibrations
from the unique amide III backbone and proline vibrations from
triple helix molecules. These molecules are usually found as large
assemblies within the extracellular matrix (ECM) of tissues. We
additionally show that after simple spectral pre-processing, the
band heights and positions in this region may be reasonably
consistent over five normal animals.
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The ECM of tissues plays an important role in sustaining tissue
cells, and alterations to this microenvironment are thought to play
an important role in the transformation of normal tissues into
tumor tissues [16–18]. This is particularly true for brain tissue,
which have a highly unique ECM that is currently thought to
regulate neuronal function and growth [19]. Recent work has also
shown that certain collagen genes are widely expressed in brain
tissues [20]. Tumor cell cultures in particular are known to
produce chemically unique ECMs [17].
It is proposed that these bands may represent a unique marker
for tumor ECM that relies upon the structurally distinct
biomolecules that form this matrix. Additionally, further identifi-
cation of the biochemical contributions to this band may aid in
studies related to non-invasively monitoring cells as they are
cultured into tissues. This will contribute to studies seeking to
reliably and rapidly distinguish tumor from non-tumor tissue
environments using their unique IR signals.
Results and Conclusions
The IR of cells versus tissues: methods and preliminary
band assignments
A portable IR spectrometer (Bruker Alpha-P, Germany) was
used that employs ATR optics to produce a robust instrument that
delivers highly reproducible spectra for traditional materials such
as solids and dry films. ATR techniques use crystals with a high
refractive index, such as diamond, to generate an evanescent wave
from an IR source that can penetrate several microns into
materials of a lower refractive index [21–24]. To achieve the
effect, the material under investigation must be placed into
extremely close contact with the crystal [22,23].
Figure 1 shows the methodology used to obtain infrared spectra
of cells (left) and tissues (right). Figure 2 shows a flowchart for the
tissue measurements. It was found that compressing the cell
suspension against the ATR crystal with a CaF2 cover slip (see
figure 1) greatly enhanced the IR signal from the cells over the
strong absorbance of liquid water, see figure 2. This is in line with
the ATR optical effect, as the evanescent wave has an extremely
short (microns) penetration depth into the material placed on its
surface [23]. In the cell suspension measurements, the use of the
CaF2 cover slip likely forces an exact beam path by evenly
spreading the liquid over the crystal. This allows comparisons in
band heights to be made between different measurements without
the need for normalization.
Figure 3A shows the full IR spectra from brain tumor cells,
neural stem cells, retinal cells, and normal brain tissue. The signal
of liquid water is quite intense in the unprocessed spectrum, with a
height of 0.35 ATR absorbance units (AUs) (about 1.2 AUs after
an ATR correction algorithm is applied). This strong water signal
overwhelms the signal from the cellular biomolecules, which
usually fall between 1800 and 900 cm21, if the anvil of the
instrument is not used (data not shown). As tissues are more dense
than cells floating in solution, their IR signal is slightly more
intense (figure 2B and inset).
Figure 3C shows the hematoxylin and eosin stain for a section of
tissue adjacent to a piece that was measured. The white box shows
the approximate area the ATR beam is measuring, which only
illuminates the first several microns of the tissue. The high
similarity in both the signal intensity and band positions between
cell and tissue spectra (see figure 3A and B) indicates that the
observed bands contain contributions from most of the biochem-
icals present in a 0.5 by 0.5 mm area. This similarity is likely due
to the fact that neural, retinal, and even tumor cells in suspension
and normal brain tissue are composed of similar biochemicals.
These results indicate this particular IR measurement is insensitive
to anything but dramatic chemical alterations in hydrated
materials and liquid water.
As can be seen from figure 3A and B, there are reasonably
intense bands at 1453, 1400, 1230, and 1082 cm21. This is in line
with many previous vibrational studies on both tissues and cells,
which have assigned these to various biochemical functional
groups [3,4,15,25]. The intense bands at 1640 and 1547 cm21
contain contributions from liquid water [9]. Although these bands
do contain vibrations from the amide backbone in proteins and are
intense in dried tissues [3,4,15,25], the strong signal of liquid water
makes interpretation of these signals difficult.
In fact, the only changes that can be seen in the raw,
unprocessed spectra are for weaker bands that occur between
1200 and 1380 cm21 (see figure 3B, inset). In mouse tissue, a
broad band is seen centered at 1308 cm21. In the spectra of cells,
this band is weaker than tissues and appears to broaden, with
shoulders at 1280, 1300, and 1320 cm21 (see figure 3B, inset and
table 1). This region of the vibrational spectrum is usually assigned
to the amide III vibration of proteins and CH2 wagging modes
[26–28]. These particular frequencies are usually attributed to the
left handed triple helices from which structural extracellular
matrix proteins like collagens are composed [26–28].
Shown on the bottom right in figure 4 are infrared spectra from
a mouse (bottom, dashed) and a patient with epilepsy (bottom,
solid). In the middle of figure 4, a model collagen triple helix
peptide is shown. The amide bond is boxed in blue, and the
proline CH2 groups are circled in red. The human and mouse
spectra are remarkably similar to each other in the triple helix
region (see arrows), with a broad band at 1308 cm21.
This similarity is also seen in their pathology. The mouse
(figure 3C) and the human epilepsy (figure 4 right bottom) sections
look fairly similar to each other, with an even distribution of small
nuclei (dark purple) throughout the extracellular matrix and
cytoplasmic protein components (light pink).
On the top right of figure 4, the spectra from a patient with an
atypical meningioma is shown (solid). A spectrum from a collagen
film is overlaid for comparison (dashed). Both spectra show fairly
strong IR signals at 1337, 1314, 1280, and 1240 cm21.
Meningiomas are known for having high amounts of collagens
in their ECMs [29], and this appears to be reflected in their
infrared spectrum. The signal at 1337 cm21 is usually attributed to
the CH2 vibrations from prolines within a triple helix (red arrows)
[26–28]. The 1280 and 1240 cm21 bands (blue arrows) are usually
assigned to the amide III vibrations from the peptide backbone of
a triple helix (see blue box) [26–28].
Although reasonably strong in the collagen film and the
meningioma, these signals are quite weak in normal tissues (see
figure 4, bottom). As normal brain tissue does not express as many
ECM structural molecules as tumor tissue appears to, the band at
1337 cm21 is either very weak or absent. Normal hydrated tissues
appear to have a weak, broad band at 1309 cm21 and a stronger
absorbance at 1230 cm21 (figure 4, bottom). This is in contrast to
the distinct bands seen at 1337, 1280, and 1240 cm21 in the
meningioma and collagen spectra (figure 4, top).
The larger absorbance in the tumor spectra indicates that the
meningiomas may have more triple helix proteins per 0.25 mm2 of
tissue than normal does. Preliminary experiments over multiple
animals and two different cell lineages were performed, to examine
the variance of the IR signal between identical measurements.
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The heights of tissue amide III bands are reasonably
consistent over identical measurements
Figure 5 shows the corrected amide III spectral region of the
tissue spectra. Shown on the top of figure 5 are the uncorrected
spectra for five animals, with three measurements per animal. The
bottom plot shows the spectra for these animals after the
correction is applied. Figures 6 and 7 show the corrected spectra
spectra in the amide III region from identically prepared cell
suspensions. The spectra of the cells in suspension have higher
variance than the tissue spectra, although all are surprisingly
consistent given the sensitively of IR measurement to environ-
mental errors and the low absorbance of the band.
To demonstrate that the IR signal is sensitive to the amount of
cellular material present within the ATR beam path, a series of
dilutions were made from several identically prepared tumor cell
suspensions, see figure 8. For these plots the minima of the
1230 cm21 band were set to zero AUs, after setting their
absorbance values equal to each other at each end point. The
1230 cm21 band was used for this analysis as the amide III band is
too weak to analyze upon dilution. The values for the integrated
area under the band (top) and the band height calculated from the
band maxima (bottom) are plotted in figure 8.
There is an approximately linear relationship between the ATR
IR signal and the level of dilution for these fast growing cells, see
figure 8. The compression of the anvil (see figure 1) appears to fix
the beam path of the ATR wave to a certain degree for liquid
materials. The decrease in absorbance with the percent dilution
(figure 8) also indicates that normalization procedures do not need
to be applied to compare the band heights between different
measurements and samples. The ATR infrared signal varies with
the number of cells in the beam path, indicating that there are few
non-linear effects taking place that could alter the band heights.
Additionally, the variation of the values for both integral
absorbance and band height for the 1230 cm21 band at 100%
dilution are quite high (see figure 8). This indicates that the
stronger bands in the IR spectrum of hydrated tissue may be
affected by hydration content alone. These bands are not suitable
for analysis, as there is too much variance in their values between
identical measurements performed on water-laden materials.
These results indicate this methodology (figure 1) results in
spectra with reasonably consistent band heights between identical
animals and cell suspensions after simple corrections are applied
for the triple helix spectral region (see figures 5, 6, and 7).
The agreement between the different individual animal spectra
shown in figure 5 appears reasonably consistent. The band height
value across five different animals was found to be
0.002660.00043 AUs with a maximum at 1308 cm21 (see
table 2). Table S1 in File S1 shows the averaged values for the
individual mice across three measurements. The individual values
for the calculated heights and positions of the proline and amide
III bands can be seen in table S2 in file S1.
Figure 1. Methodology for ATR infrared measurements of cells and tissues. Left: (A) Picture of a typical cell suspension (circled). (B) The
portable ATR FT-IR spectromenter by Bruker. An arrow is pointing to the ATR diamond crystal. For measurements, a 10 ml aliquot of the cell
suspension is pipetted on to the crystal. (C) A CaF2 coverslip is placed on top of the 10 ml droplet, and (D) the anvil of the instrument is lowered so
that the cell suspension will achieve good contact with the crystal optics. Right: (A) Shown in the boxed inset is a freshly extracted mouse brain, with
a typically sized mouse brain piece on the scalpel (circled). After the brain was cut into small pieces, one was (B) placed on the ART crystal, and (C) the
anvil was lowered and the ATR spectrum taken. While spectra could be obtained from tissue without lowering the anvil, the resulting spectra had
inadequate signal to noise (data not shown). Pathology results (see figure 2C) indicated that the damage sustained by the tissue piece from the anvil
is minimal, if only one or two spectra are taken with the anvil down.
doi:10.1371/journal.pone.0058332.g001
Figure 2. Flowchart for tissue IR experiments. Immediately after
the tissue is harvested, the tissue is cut in halve. Once half is
immediately fixed in a chemical preservative, and the other fixed after it
is measured with IR. The pathology results for the unmeasured control
and the measured tissue were then obtained to arrive a diagnosis.
doi:10.1371/journal.pone.0058332.g002
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In normal tissue, the proline band at 1340 cm21 is quite small
or not present, and this is reflected in the minuscule band heights
(see table S2 in file S1 for the calculated values from the animal
tissue). However, the amide III signal does appear to be above the
noise for tissues with a reasonable standard deviation across five
individuals; see table 2 for the calculated mean of means and table
S1 in file S1 for the raw values from individual mice. Further trials
over a higher number of animals are required to confirm whether
this variation has merely occurred by random chance or if there is
a systematic variation present of the amide III signal within
individuals.
Shown in figure 6 is the corrected amide III region for rat
retinal cells in suspension across four different passages. Two
measurements could be taken for each passage. As cells in
suspension are not as dense as tissue, the IR signal from cells is
much lower in absorbance. While this number of repetitions is too
low for statistical analysis, it can be seen from their corrected
spectra in figure 6 that these genetically identical cell cultures
exhibit a goodly degree of variation in the amide III band. Indeed,
the average value for the amide III signal is 0.0006960.00016
AUs centered at 1300 cm21 (see table 2), much lower than the
tissue signal and with a higher variance.
This variance seen in genetically identical passages could in part
be due to slightly different amounts of collagen-like ECM
molecules that could exist between identically prepared cell
suspensions; although the low number of experiments could also
account for the variance. Table 2 shows the averaged value for
their band heights across eight measurements, and table S1 in file
Figure 3. ATR spectra of cells and tissues. (A) The unprocessed, raw infrared spectra of wet cells and tissues are shown. Most of the IR signal is
due to water vibrations at 3313 and 1640 cm21. (B) Enhanced view of the biologically relevant fingerprint region. Absorbencies in this region arise
from biochemical bonds that form cells and tissues. The spectra of cells are quite similar to the spectra of tissues, expect in the triple helix region
(inset). (C) Hematoxylin and eosin stain for an unmeasured piece of normal mouse brain tissue adjacent to the measured piece. The white box
approximately indicates the 0.25 mm2 area of the tissue interrogated with the infrared beam for this ATR instrument. The insets shows an enhanced
view from the tissue section. Scale bars: overview, 500 m; inset, 50 m.
doi:10.1371/journal.pone.0058332.g003
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S1 shows the averaged values for from four separate passages with
two measurements per passage.
Shown in figure 7 are human glioblastoma cells in suspension.
As with the rat retinal cells, the tumor cells are much lower in
absorbance than the tissue cells. However, both cell lineages
(figures 6 and 7) do appear to have altered band positions than
seen in tissue for this ECM region. Namely, the amide III band
centered at 1308 cm21 in brain tissue appears to be splitting into a
broad band with shoulders at 1320 and 1280 cm21. Further
purification studies of different cell lineages in suspension would
aid in the molecular interpretation of the tumor spectra. Such
studies would also determine the amount of variance that exists
between measurements on identically prepared cell suspensions.
In conclusion, although weak, the amide III band is above the
signal to noise for this instrument in both cell suspensions and
tissues. It appears to vary less between genetically identical
individuals than the stronger signals do under hydrated conditions.
This suggests that the amide III region is more molecularly specific
than the stronger IR bands seen in cells and tissues (see figure 2B),
and less likely to vary between identical experiments.
In contrast, a similar analysis of the stronger bands at
1230 cm21 reveals that they have a high variance between
identical measurements and different individuals (see the error
bars in the 100% dilutions in figure 8). This indicates the stronger
bands are likely composed of a high number of absorbencies from
different phosphates, sugars, and nucleic acids; especially under
native, fully hydrated conditions. The high number of contribu-
tions broadens these strong bands and makes them less specific on
a molecular level. They appear more sensitive to chemical and
environmental differences that exist between genetically identical
animals and cells. Thus, these stronger bands are more variable
than the weaker, but more specific, triple helix bands. Therefore,
in the tumor tissue spectra, only the triple helix region of the
spectra was investigated.
Infrared spectra of freshly harvested meningiomas and
glioblastomas
Recent studies on the diffusion of fluorescent dyes and other
small molecules into freshly resected human glioblastoma tissue
indicate that these tumors may have a particularly dense ECM
[30,31]. Many tumor pathologies involve the overproduction of
Table 1. Collagen-like infrared bands in wet cells and tissues
[26–28].
Assignment Cells Tissue Meningioma Collagen Film
ECM 1299(br) 1308(br) - -
Amide III in
Triple Helix
- - 1238 1240
Amide III in
Triple Helix
1280 (w) - 1280 1280
Proline CH2 in
Triple Helix
1315(w sh) - 1318 1318(sh)
Proline CH2 in
Triple Helix
1337(w) 1337(w) 1337 1337
Table of IR bands for the triple helix region of neural cells and brain tissues.
Units in wavenumber. W, weak; sh, shoulder; br, broad.
doi:10.1371/journal.pone.0058332.t001
Figure 4. ATR spectra of normal and tumor tissues. Left: Infrared spectra of normal animal brain tissue (bottom, dashed), human epilepsy brain
tissue (bottom, solid), an atypical meningioma WHO II (top, solid), and a thin film of collagen (top, dashed). Blue arrows indicate the amide III
vibration of the collagen triple helix, while red arrows indicate vibrations from the proline CH2 groups that are abundant in these molecules. Middle:
Crystal structure of a model collagen showing the triple helix structure. A proline reside is circled in red, and a C-N amide bond boxed in blue. From:
Okuyama et al. (Biopolymers, 2009 91:361; PDB ID: 2D3F [42]). Right: The top shows the pathology results for the atypical meningioma spectra, while
the bottom shows the pathology for a patient with epilepsy. Scale bars: 50 m.
doi:10.1371/journal.pone.0058332.g004
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ECM genes for the secretion of large, structural proteins that
assemble in the extracellular space [17]. Triple helix domains are
found in many of these secreted proteins and protein assemblies
[17]. These assemblies may combine in various ways to confer a
range of different micro- and macromolecular properties to the
tissue; such as hardness, viscosity, and conductivity. Meningiomas
in particular are known for their dense and complex ECMs, and
the spectrum shown in figure 1 has particularly strong triple helix
bands in this individual (see arrows).
As mentioned, the top right of figure 4 shows a spectrum of
freshly harvested meningioma tissue. The triple helix signal is
strong, though not as strong in all studied to date. Tables S3 and
S4 in file S1 list the band positions and heights for more patients
for the triple helix signal. The proline band increases in height in
some cases by an order of magnitude, and the amide III appears to
increase and alter its position in most cases to date.
Figure 9A shows an uncorrected spectrum from a patient with
WHO grade IV glioblastoma. The pathology is shown in 9B. In
glioblastoma cases, the proline bands at 1337 cm21 and
1320 cm21 are more pronounced than in the spectrum of normal
Figure 5. Spectral preprocessing and band height analysis. On
top is shown the unprocessed region from 1356 to 1273 cm21 for the
animal spectra. It was possible to obtain three spectra from each animal
brain tissue before effects due to water loss were seen in the IR. On the
bottom is shown the now corrected spectra for five mice. After
correcting for the offset and baseline, greater agreement is seen
between the spectra of different animals.
doi:10.1371/journal.pone.0058332.g005
Figure 6. Corrected triple helix region in a retinal cell culture.
The R28 rat retinal cells show a broad, weak collagen band whose
height is consistent for the same cell line over multiple passages. All
spectra were collected on the same day over four different passages.
Two spectra could be taken per passage.
doi:10.1371/journal.pone.0058332.g006
Figure 7. Corrected triple helix region in a human tumor cell
culture. Fast growing human glioblastoma cells. These spectra were
taken over the course of three days, with two to five measurement per
cell suspension.
doi:10.1371/journal.pone.0058332.g007
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tissue, and the amide III starts to develop a shoulder at 1280 cm21
(see tables S3 and S4 in file S1). The 1240 cm21 amide III band is
slightly red shifted towards the value seen in normal tissue
(1230 cm21, see figures 2 and 9), though not in all cases.
Figure 10 shows a plot of amide III (top) and proline (bottom)
values from meningiomas and glioblastomas. Values from the 15
spectra taken from normal mouse tissue are plotted for compar-
ison. The variance for glioblastomas appears higher than the
meningiomas for these numbers, see tables S3 and S4 in file S1.
Both tumor pathologies appear to be distinct from the values seen
in the normal tissue. The band positions of the tumors in
particular shift quite a bit from the values seen in normal tissue,
indicating a basic change has occurred in the biochemicals they
express.
The glioblastoma values vary quite a bit between individuals, as
expected (figure 10). Glioblastomas are known for displaying a
high amount of inter-individual variance, making their diagnosis
and treatment difficult [32,33]. This is reflected in the widely
varying values for these patients seen thus far, though most appear
to be different from those seen in normal tissue (see figure 10).
Recent studies have also shown that extracellular collagen genes
are differentially regulated in patients with glioblastomas, although
there are differences in the expression patterns between individuals
[34]. This appears to be reflected in their IR spectra. The values
thus far are different from normal tissue, but show a large amount
of variance within the pathology (see figure 10). This indicates that
the glioblastomas, as expected [34], express highly unique
structural proteins that exhibit a large amount of inter-individual
variance.
In conclusion, the triple helix bands in the glioblastomas
(figure 9) are usually more distinct than seen in the normal mouse
tissue (figure 2), but do not seem as enhanced as the ones seen in
meningioma patients (see figure 4 top right and tables S3 and S4 in
file S1). This indicates that this ATR infrared measurement could
be sensitive to the amount of triple helix molecules in the tumor
tissue. Thus far this appears to be strongest in the meningiomas,
weaker in glioblastomas, and exists as a broad absorbance in
normal tissues.
Conclusions
Taken together, these results from cells, tissues, and tumor
patients demonstrate the triple helix bands represent a potential
biomarker for tumor tissues. As no sample preparation is required
and the methodology is minimally invasive, investigated tissues
could be stored for further examination with traditional pathology.
Figure 8. The ATR IR signal decreases with decreasing dilutions
of cells. Shown is a box plot for serial dilutions of a glioblastoma cell
suspension. As the dilution number decreases, both the area of the
1230 cm21 band (top) and its height (bottom) appear to decrease as
well. This indicates that the ATR IR signal from the cells might depend
upon the density of cellular material within the beam path of the
instrument. It may be the case that compression with the instrument
anvil allows the beam path to be set, reducing variability in absorbance
between identical measurements. The number of measurements for the
100% dilution was 12 spectra, for the 50% and 25% dilutions six spectra,
and for the 12.5% dilution was four spectra. Measurements were
performed over the course of three days.
doi:10.1371/journal.pone.0058332.g008
Table 2. Band heights, positions, and deviations for rat retinal
cells, human brain tumor cells, and normal mouse brain
tissue.
Sample N
Band height ± standard
deviation (AUs) Position(s), cm21
retinal cells 8 0.0006960.00016 1300, 1315(sh)
tumor cells 12 0.00160.00022 1300, 1315(sh)
brain tissue 5 0.002660.00043 1308
The heights and positions of the ECM bands are reasonably consistent over a
range of biologically identical prepared samples. The retinal cells from the R28
cell lineage were all measured on the same day, but from different passages of
the genetically identical cell line. Two measurements were performed per
passage. The tumor cells were from a human glioblastoma cell culture.
Measurements for these rapidly proliferating cells were performed over three
days. For the cell suspensions, the average and standard deviation was
calculated with all values treated as independent, identical measurements. The
mouse spectra were collected from five animals over the course of two days.
Three measurements were performed for each mouse. Shown is mean of means
and standard deviation for the five animals. These results indicate this less
intense amide III signal is above the signal to noise for the measurement. A
larger number of N is required to determine if identical experiments produce
values that are not statistically different from each other. Sh, shoulder.
doi:10.1371/journal.pone.0058332.t002
Infrared Studies of Cells, Tissues, and Tumors
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Due to the portability of the instrument, spectra from patients
were obtained within minutes after resection.
Collagen is the most abundant protein in the body. However,
most studies of brain tissues to date are focused on genetic and
morphological analysis of the cells. Recent research is starting to
untangle the underlying biomolecules that grants brain tissue its
unique physical properties [17].
Characterization of brain tissue typically involves embedding
the tissue in a freezing medium, freezing the tissue, and cutting it
into thin sections. After the tissue is sectioned, it can be stained
with a range of dyes to enhance morphological contrast for
microscopy. During these procedures, it may be that much of the
matrix scaffolding molecules are lost. It is already known from
FTIR microscope imaging studies that the IR signal of collagen
can be seen in tumor tissue sections after freezing and air drying
[35]. More triple helix domains would be expected to be present in
the freshly harvested tissues and living cell suspensions used in this
study.
This work demonstrates that the IR signal of collagen-like triple
helix proteins can be seen in freshly resected tissue, prior to any
processing that may damage the tissue. The collagen-like signal is
strong in most meningioma tumors, slightly weaker in glioblasto-
mas, and barely discernable in normal cortex. Further genetic
studies would be required to gain insight into which triple helix
genes are overexpressed in particular pieces of tissue.
Tumor cells are known for creating unique microenvironments
to aid with invasion and proliferation [18]. While further studies
involving purification and analysis of cellular and ECM fractions
from tissue would be required to determine the molecular
specificity of these bands, it seems reasonable to conclude that
the infrared signal of the tumors examined thus far have stronger
bands in the triple helix region than normal brain tissue. This
could be due to the fact that tumor tissue is simply more dense
than normal tissue, and thus has a stronger IR signal. Further-
more, brain tumors may have a higher proportion of triple helix
molecules in their ECMs than normal tissue [16]. Further
investigations on the purified ECMs from tumor tissues and cells
will help to determine the contributions of these biomolecules to
these bands in the infrared.
Materials and Methods
Ethics
All animal studies and protocols were approved by the
Regierungspra¨sidium Dresden (animal ethics committee decision
number 24D-9168.11-1/2011-39). All patients gave written
consent, and the study was approved by the ethics committee at
Dresden University Hospital (decision numbers EK 323122008
and EK 45032004).
Instrumentation
All measurements were performed on a portable Bruker Alpha-
P ATR spectrometer (see figure 1 for photographs of the
instrument) using 128 scans and an instrument resolution of
4 cm21. The total measurement time was approximately one
minute. This spectrometer is equipped with a diamond crystal
(n = 2.43, 0.5 mm2). It has an air cooled IR source and an 850 nm
HeNe laser. Additionally, it contains a RockSolid interferometer, a
deuterated triglycine sulfate detector, and KBr beamsplitters. The
angle of incidence is 45u. This instrument is also equipped with an
adjustable pressure anvil that aids in forcing as much contact
between the crystal and the sample as possible (see 1B, left, arrow).
All background measurements were taken with nothing on the
crystal. After measurement, the crystal was cleaned first with
ethanol, then distilled water, and then with ethanol again.
The collagen thin film was prepared from collagen I (Sigma
Aldrich). Its spectrum was acquired with the instrument arm down
to enhance the ATR signal.
Figure 9. The triple helix signal in the IR spectrum of glioblastoma tissue. (A) The triple helix region of the infrared spectrum from a patient
with a glioblastoma. The triple helix signal is weaker than seen in the meningiomas, which could be due to differences in the expression of these
matrix proteins. (B) Hematoxylin and eosin staining of the tissue. Scale bar: 25 m.
doi:10.1371/journal.pone.0058332.g009
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ATR measurements of living cells
Primary human gliobastoma cell lines NCH644, NCH421K
(kindly provided by Prof. Christel Herold-Mende, Heidelberg)
[36], GBM15+X (kindly provided by Prof. Till Acker, Giessen)
[37], and murine neuronal stem cells (NSC/C573C6J, kindly
provided by Prof. Gaetano Finocchiaro, Milano) [38] were
cultivated as floating neurospheres in supplemented DMEM/F-
12 medium (PAA). All media contained basic fibroblast growth
factor and epidermal growth factor (20 ng/mL each, Peprotech).
Cultures were maintained at 37uC in a humidified atmosphere
containing 5% CO2 and 95%, as previously described [11].
A rat retinal cell culture (R28), a kind gift from Dr. Gail M.
Seigel (University at Buffalo, New York) [39], was measured with
IR as well. The cells were cultured with T25 flakes in Dulbecco’s
Modified Eagle Medium (DMEM, Invitrogen) containing: 10%
FCS (fetal calf serum, PAN Biotech GmbH), 1% non amino acids
(Biochrom AG), 1% MEM vitamin (Biochrom AG), 2% L-
glutamine (Biochrom AG), and 1% Na-pyruvate (Biochrom AG),
as previously described [39]. For all infrared measurements the
adherent cells were trypsinized (trypsin and EDTA solution). The
cells were then pelleted and resuspended in pH 7.5 PBS buffer.
To obtain a concentrated single cell suspension, cultured
spheroids were titrated with a 10 mL serologic pipette and
centrifuged for five minutes at 300 g. The supernatant was
removed, and cells were resuspended in a final volume of 50 ml of
cell culture medium. To ensure mixing of the sample so a
homogenous population of cells were measured, the cells were
aspirated 3 to 4 times with a 50 ml pipettman (see figure 1A, right,
for a photograph of a cell suspension), and then a 10 ml aliquot was
placed on the ATR crystal (see figure 1B, right, for a photograph
of the Bruker ATR crystal). This was covered with a CaF2 cover
slip (see figure 1C, right), and the arm of the instrument was
lowered to apply pressure and achieve good contact with the
crystal (see figure 1D, right). Cell counts were performed on the
cell suspensions to determine the number of cells in a 10 mL
aliquot, and this was found to usually be about 106 cells.
ATR measurements of animal brain tissue
After cervical dislocation of nude mice (NMRInu/nu), the brain
was extracted within three minutes of death (see figure 1A, left,
boxed). The brain was divided into pieces ranging in weight from
0.05 to 0.07 g (see figure 1A, left, circled). Pieces were placed on
the ATR crystal (see figure 1B, left), and the anvil was lowered
directly on the the tissue (see figure 1C, left). Adjacent pieces of
cortex were saved for control pathology analysis, as well as the
measured tissue piece.
Animal pathology
The pieces of murine brain tissue were embedded in tissue
freezing medium (Leica, Nussloch, Germany) and snap frozen on
dry ice. Subsequently, sections of 10 mm thickness were prepared
with a microcryotome. These sections were then fixed in
methanol-acetone (1:1) and stained with hematoxylin and eosin.
The sections were next washed in distilled water, and incubated in
Meyer’s hematoxylin/hemalaun (Sigma-Aldrich, Mu¨nchen, Ger-
many) for three minutes. After washing in distilled water, the tissue
sections were briefly destained in HCl-ethanol. The sections were
next washed for five minutes in running water, followed by a three
minute staining in eosin (1% eosin G in 80% ethanol). The
sections were dehydrated with rising ethanol concentrations and
cleared in xylene. A coverslip was then placed on the slides using
DePex (Serva, Heidelberg, Germany). Images were acquired on a
Zeiss Axio Examiner equipped with an Axiocam and 20X
objective.
Patient pathology
After measuring, tissues were immersed in 4% neutrally
buffered formalin for at least 24 hours then dehydrated through
a series of ethanol baths with increasing concentration (40–100%),
immersed in xylene, and then embedded in paraffin. Sections were
Figure 10. Plot of the band heights and positions for
meningiomas, glioblastomas, and normal tissue. The band
height is plotted against the band position for the amide III band
(top) and the proline band (bottom) for meningiomas (+, n = 13),
glioblastomas (x, n = 7), and normal mouse tissue (o, n = 5 individuals, 3
measurements per individual). One spectrum was taken for the tumor
measurements, and three spectra were taken for each mouse. The
amide III values appear to have less variance than the proline values for
normal tissue. The amide III values (top) for most of the tumors appear
to be different from those seem in normal tissue. The proline values
(bottom) for many meningiomas are quite high compared to the
glioblastoma and the normal tissue values.
doi:10.1371/journal.pone.0058332.g010
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cut between 3 to 4 mms using a rotational microtome (Leica). The
sections were then stained with H&E (Hematoxylin and Eosin,
Merck), dehydrated, and mounted. The tumors were visualized
and photographed using a Zeiss Axioplan II Microscope.
Diagnosis and grading followed according to the WHO classifi-
cation 2007 at magnifications from 10–40 fold (original) and with
the aid of appropriate immunohistochemistry (images available on
request) as per Louis 2007 [40].
Spectral analysis
Description of the algorithm. Description of the algorithm
used for pre-processing the data. The algorithm was implemented
in R [41].
1. Specify endpoints of the region of interest. These should be
governed by the specific peak that is of primary interest to
researchers.
2. Determine the available wavenumbers closest to the boundary
points specified in Step 1, then expand by one to make ensure
that the region entirely encompasses the region of interest. The
portable IR spectrometer (Bruker) used in this study recorded
wavenumbers to one decimal place, therefore some matching is
required.
3. Truncate the spectra so that only the region of interest is used
in the analysis: this is done for reasons of computational
efficiency and ease.
4. Then, for each of the spectra:
(a) Create a straight line between the two endpoints of the
region of interest. This forms a baseline representing the true
absorbtion value of the signal over the instrument’s signal to
noise ratio.
(b) Determine the height (above or below) this baseline and
record it. This has the effect of setting the values of the
endpoints to zero, and corrects for offsets in the beam path
that can occur between identical measurements.
(c) If the minimum is below zero after this correction, apply the
second stage correction as described in steps d–g.
(d) Identify the minimum point: this is done by first finding the
minimum value in the range, then recording all values
equalling the minimum, and reporting the first/last of those
as being the location of the minimum (the options that
created the line with the steepest gradient).
(e) Create two new baselines between the endpoints and the
minimum point(s). The baselines are straight lines from the
edge of the region of interest to the minimum point (that is
the minimum after the initial baseline correction).
(f) Determine the height of each point above the relevant
baseline -- for the appropriate part of the spectrum.
(g) These correct spectra may now be used to calculate the
values for the band heights.
Smoothing the curve. In order to smooth the corrected
values, a moving average process of length seven was applied for
the entire region of interest.
Finding the band height and location. When analyzing the
1342 to 1334 cm21 region and the 1325 to 1288 cm21 region the
local maxima and minima (height and location) were determined
by an internal R [41] function.
Supporting Information
File S1 Tables S1, S2, S3, and S4. Table S1 shows the
band heights, standard deviations, and number of
measurements for two different tissue cell lineages in
suspension and the five normal mouse brain tissue
pieces used to calculate the average band heights shown
in table 2. Table S2 shows the raw band heights and positions of
the proline and amide III bands for the five normal mice. Table S3
show the raw values calculated for the proline band for the human
epilepsy tissue, human meningioma tissue, and human glioblasto-
ma tissue. Table S4 shows the raw calculated values for the amide
III bands for the human epilepsy tissue, human meningioma
tissue, and human glioblastoma tissue. The values shown in tables
S3 and S4 are plotted in figure 10.
(PDF)
Acknowledgments
We would like to sincerely acknowledge scientific support from the entire
neurosurgery nursing staff at the Carl Gustov Carus University Hospital at
Dresden University of Technology. Additional scientific support for the
measurements of rat retinal cells was provided by Prof. Dr. med. R.H.W.
Funk, with the Institut fu¨r Anatomie within the medical faculty of Dresden
University of Technology. We thank Prof. Thomas G. Spiro at the
University of Washington Chemistry Department, Prof. Timothy W.
Randolph at the Fred Hutchingson Cancer Research Center, Prof. Robert
M. Metzger at the University of Alabama Department of Chemistry, and
Prof. Hermann Ehrlich at TU Bergakademie Freiberg for helpful
commentaries. We also thank Dr. Oren M. Elrad for his assistance writing
scripts for the spectral processing.
Author Contributions
Conceived and designed the experiments: ALS OU KDG. Performed the
experiments: ALS OU JT EL JS HC. Analyzed the data: ALS DT KDG
OU. Contributed reagents/materials/analysis tools: GS MK. Wrote the
paper: ALS DT.
References
1. Hertzburg G (1945) Molecular Spectra and Molecular Structure Volume II:
Infrared and Raman spectra of polyatomic molecules. Krieger Publishing
Company.
2. Salzer R, Siesler HW, editors (2009) Infrared and Raman Spectroscopic
Imaging. Wiley-VCH.
3. Movasaghi Z, Rehman S, ur Rehman DI (2008) Fourier transform infrared (ftir)
spectroscopy of biological tissues. Applied Spectroscopy Reviews 43: 134–179.
4. Diem M, Papamarkakis K, Schubert J, Bird B, Romeo MJ, et al. (2009) The
infrared spectral signatures of disease: Extracting the distinguishing spectral
features between normal and diseased states. Applied Spectroscopy 63: 307A–
318A.
5. Mackanos MA, Contag CH (2010) Fiber-optic probes enable cancer detection
with ftir spectroscopy. Trends Biotechnology 28: 317–323.
6. Zhang X, Xu Y, Zhang Y, Wang L, Hou C, et al. (2011) Intraoperative
detection of thyroid carcinoma by fourier transform infrared spectrometry. J Surg
Res 171: 650–656.
7. Grenell RG, May L (1958) Infrared spectroscopy of nervous tissue. Journal of
Neurochemistry 2: 138–149.
8. Parker FS, Ans R (1967) Infrared studies of human and other tissues by the
attenuated total reection technique. Analytical Biochemistry 18: 414–422.
9. Marechal Y (2011) The molecular structure of liquid water delivered by
absorption spectroscopy in the whole ir region completed with thermodynamics
data. Journal of Molecular Structure 1004: 146–155.
10. Rigas B, Wong PT (1992) Human colon adenocarcinoma cell lines display
infrared spectroscopic features of malignant colon tissues. Cancer Research 52:
84–88.
11. Steiner G, Kuchler S, Hermann A, Koch E, Salzer R, et al. (2008) Rapid and
label-free classification of human glioma cells by infrared spectroscopic imaging.
Cytometry Part A 73A: 1158–1164.
12. Zhao R, Quaroni L, Casson AG (2010) Fourier transform infrared (ftir)
spectromicroscopic characterization of stem-like cell populations in human
esophageal normal and adenocarcinoma cell lines. Analyst 135: 53–61.
Infrared Studies of Cells, Tissues, and Tumors
PLOS ONE | www.plosone.org 10 March 2013 | Volume 8 | Issue 3 | e58332
13. Gasper R, Dewelle J, Kiss R, Mijatovic T, Goormaghtigh E (2009) Ir
spectroscopy as a new tool for evidencing antitumor drug signatures. Biochimica
et Biophysica Acta (BBA) – Biomembranes 1788: 1263–1270.
14. Whelan DR, Bambery KR, Heraud P, Tobin MJ, Diem M, et al. (2011)
Monitoring the reversible b to a-like transition of dna in eukaryotic cells using
fourier transform infrared spectroscopy. Nucleic Acids Research 39(13): 5439–
5448.
15. (Swain) Marcsisin EJ, Uttero CM, Miljkovic M, Diem M (2010) Infrared
microspectroscopy of live cells in aqueous media. Analyst 135: 3227–3232.
16. Huijbers IJ, Iravani M, Popov S, Robertson D, Al-Sarraj S, et al. (2010) A role
for fibrillar collagen deposition and the collagen internalization receptor
endo180 in glioma invasion. PLoS ONE 5: e9808.
17. Edwards LA, Woolard K, Son MJ, Li A, Lee J, et al. (2011) Effect of brain- and
tumor-derived connective tissue growth factor on glioma invasion. Journal of the
National Cancer Institute 103(15): 1162–78.
18. Lu P,Weaver VM,Werb Z (2012) The extracellular matrix: A dynamic niche in
cancer progression. The Journal of Cell Biology 196: 395–406.
19. Franco SJ, Muller U (2011) Extracellular matrix functions during neuronal
migration and lamination in the mammalian central nervous system.
Developmental Neurobiology 71: 889–900.
20. Seppanen A, Suuronen T, Hofmann SC, Majamaa K, Alafuzoff I (2007)
Distribution of collagen xvii in the human brain. Brain Research 1158: 50–56.
21. Taylor AM, Glover AM (1933) Studies in refractive index. i and ii. J Opt Soc
Am 23: 206–215.
22. Harrick NJ (1960) Study of physics and chemistry of surfaces from frustrated
total internal reections. Phys Rev Lett 4: 224–226.
23. Harrick NJ (1960) Surface chemistry from spectral analysis of totally internally
reected radiation. The Journal of Physical Chemistry 64: 1110–1114.
24. Fahrenfort J, Visser W (1962) On the determination of optical constants in the
infrared by attenuated total reection. Spectrochimica Acta 18: 1103–1116.
25. Pacifico A, Chiriboga LA, Lasch P, Diem M (2003) Infrared spectroscopy of
cultured cells: Ii. spectra of exponentially growing, serum-deprived and conuent
cells. Vibrational Spectroscopy 32: 107–115.
26. Chang MC, Tanaka J (2002) Ft-ir study for hydroxyapatite/collagen
nanocomposite cross-linked by glutaraldehyde. Biomaterials 23: 4811–4818.
27. Iconomidou VA, Georgaka ME, Chryssikos GD, Gionis V, Megalofonou P, et
al. (2007) Dogfish egg case structural studies by atr ft-ir and ft-raman
spectroscopy. International Journal of Biological Macromolecules 41: 102–108.
28. Jackson M, Choo LP, Watson PH, Halliday WC, Mantsch HH (1995) Beware of
connective tissue proteins: Assignment and implications of collagen absorptions
in infrared spectra of human tissues. Biochimica et Biophysica Acta (BBA)-
Molecular Basis of Disease 1270: 1–6.
29. Gonzalez-Segura A, Morales JM, Gonzalez-Darder JM, Cardona-Marsal R,
Lopez-Gines C, et al. (2011) Magnetic resonance microscopy at 14 tesla and
correlative histopathology of human brain tumor tissue. PLoS ONE 6: e27442.
30. Sykova E, Nicholson C (2008) Diffusion in brain extracellular space.
Physiological Reviews 88: 1277–1340.
31. Zhang H, Verkman A (2010) Microfiberoptic measurement of extracellular
space volume in brain and tumor slices based on uorescent dye partitioning.
Biophysical Journal 99: 1284–1291.
32. Claes A, Idema A,Wesseling P (2007) Diffuse glioma growth: a guerilla war. Acta
Neuropathologica 114: 443–458.
33. Riemenschneider M, Jeuken J,Wesseling P, Reifenberger G (2010) Molecular
diagnostics of gliomas: state of the art. Acta Neuropathologica 120: 567–584.
34. Pope W, Mirsadraei L, Lai A, Eskin A, Qiao J, et al. (2012) Differential gene
expression in glioblastoma defined by adc histogram analysis: Relationship to
extracellular matrix molecules and survival. American Journal of Neuroradiol-
ogy 33: 1059–1064.
35. Noreen R, Chien CC, Delugin M, Yao S, Pineau R, et al. (2011) Detection of
collagens in brain tumors based on ftir imaging and chemometrics. Analytical
and Bioanalytical Chemistry 401: 845–852.
36. Campos B, Zeng L, DaoTrong PH, Eckstein V, Unterberg A, et al. (2011)
Expression and regulation of ac133 and cd133 in glioblastoma. Glia 59: 1974–
1986.
37. Seidel S, Garvalov BK, Wirta V, von Stechow L, Schanzer A, et al. (2010) A
hypoxic niche regulates glioblastoma stem cells through hypoxia inducible factor
2-alpha. Brain 133: 983–995.
38. Pellegatta S, Tunici P, Poliani PL, Dolcetta D, Cajola L, et al. (2006) The
therapeutic potential of neural stem/progenitor cells in murine globoid cell
leukodystrophy is conditioned by macrophage/microglia activation. Neurobiol-
ogy of Disease 21: 314–323.
39. Knels L, Valtink M, Roehlecke C, Lupp A, de la Vega J, et al. (2011) Blue light
stress in retinalneuronal (r28) cells is dependent on wavelength range and
irradiance. European Journal of Neuroscience 34: 548–558.
40. Louis D, Ohgaki H, Wiestler O, Cavenee W, Burger P, et al. (2007) The 2007
WHO classification of tumours of the central nervous system. Acta Neuro-
pathologica 114: 97–109.
41. R Development Core Team (2012) R: A Language and Environment for
Statistical Computing. Foundation for Statistical Computing, Vienna, Austria.
42. Okuyama K, Hongo C, Wu G, Mizuno K, Noguchi K, et al. (2009) High-
resolution structures of collagen-like peptides [(pro-pro-gly)4-xaa-yaa-gly-(pro-
pro-gly)4]: Implications for triple-helix hydration and hyp(x) puckering.
Biopolymers 91: 361–372.
Infrared Studies of Cells, Tissues, and Tumors
PLOS ONE | www.plosone.org 11 March 2013 | Volume 8 | Issue 3 | e58332
